Novel methodologies to study protein S-glutathiolation using fluorescence spectroscopy by Daniels, Jacob
W&M ScholarWorks 
Undergraduate Honors Theses Theses, Dissertations, & Master Projects 
5-2015 
Novel methodologies to study protein S-glutathiolation using 
fluorescence spectroscopy 
Jacob Daniels 
College of William and Mary 
Follow this and additional works at: https://scholarworks.wm.edu/honorstheses 
 Part of the Analytical Chemistry Commons, and the Biochemistry Commons 
Recommended Citation 
Daniels, Jacob, "Novel methodologies to study protein S-glutathiolation using fluorescence spectroscopy" 
(2015). Undergraduate Honors Theses. Paper 157. 
https://scholarworks.wm.edu/honorstheses/157 
This Honors Thesis is brought to you for free and open access by the Theses, Dissertations, & Master Projects at 
W&M ScholarWorks. It has been accepted for inclusion in Undergraduate Honors Theses by an authorized 
administrator of W&M ScholarWorks. For more information, please contact scholarworks@wm.edu. 
 
 
 
 
 
 
 
 
 
 
 
 
Novel methodologies to study protein S-glutathiolation using fluorescence spectroscopy 
 
A thesis submitted in partial fulfillment of the requirement  
for the degree of Bachelor of Science in Chemistry from  
The College of William and Mary 
 
 
by 
 
Jacob Donald Daniels 
 
 
 
 
 
    Accepted for ___________________________________ 
       
 
________________________________________ 
Lisa M. Landino, Director 
 
________________________________________ 
Christopher J. Abelt 
 
________________________________________ 
Gary W. Rice 
 
________________________________________ 
Pamela S. Hunt 
 
 
 
Williamsburg, VA 
May 6, 2015 
 
  
 
 
 
 
Table of Contents 
 
 
Section          Page  
      
Abstract          1 
Chemical Index         2 
Table of Figures          7 
Introduction          
A. The use of fluorescence in biochemistry    8 
B. Protein oxidation and S-glutathiolation    13 
C. Spectroscopic properties of dansyl and fluorescein   17 
D. Previous progress in the laboratory     23 
Materials and Methods        25 
Results 
A. Glutathione derivatives 
a. Fluorescein       34 
b. Dansyl        36 
B. Rf  values for GS-AF and GS-DANS     38 
C. Spectroscopic properties of dansyl acid    38 
D. Summary of proteins used      38 
E. BSA         39 
F. Papain         41 
G. Oxidative labeling with D-GSH     43 
Discussion          45 
References          50 
Appendix          56 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
 
Abstract 
 
 Protein oxidation and repair is a physiological process that has been implicated in the 
pathology of diseases such as Alzheimer’s and in the normal aging process. S-glutathiolation, the 
process by which glutathione reacts at equilibrium with a protein and prevents the protein from 
undergoing further oxidation, is a critical repair mechanism for oxidized proteins. 
 In this thesis, we use the technique of fluorescence spectroscopy to develop a 
methodology to visualize S-glutathiolation in vitro.  We report the spectroscopic properties of 
previously synthesized glutathione derivatives that have successfully labeled proteins during 
periods of oxidation. We also report the results of labeling BSA and papain, two proteins that 
contain one cysteine, at their cysteine and amine residues as well as the effect of unfolding on the 
dansyl emission wavelength for the cysteine-labeled proteins. In addition, we report the emission 
wavelengths from four proteins: BSA, papain, CK, and GAPDH, labeled with D-GSH in the 
presence of H2O2. 
 The results from the experiments herein demonstrate the usefulness of this methodology. 
Oxidative labeling of proteins with D-GSH results in an emission wavelength that varies 
between proteins and is lower than the D-GSH emission wavelength. While this proves to be a 
promising result, the model is only tested with proteins containing up to four cysteines and the 
labeling mechanism for multi-cysteine proteins is not currently understood. Further refinement is 
required before implementation. 
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Guanidine hydrochloride (guHCl) 
 
      Iodoacetamide (IAM) 
 
 
 
Reagents 
• Acetic Acid (HAc) 
• Acetone 
• Acetonitrile (AcCN) 
• Ammonium bicarbonate 
• Bicinchoninic acid (BCA)  
• Dimethylformamide (DMF) 
• Ethanol (EtOH) 
• Methanol (MeOH) 
• Sodium bicarbonate 
• Sodium dodecyl sulfate (SDS) 
Proteins: 
• Bovine serum albumin (BSA) 
• Creatine kinase (CK) 
• Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
• papain 
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Introduction 
A: The use of fluorescence in Biochemistry 
 Fluorescence remains a critical tool in the fields of biochemistry and molecular biology. 
The development of both fields, in particular, has relied upon fluorescence to aid in the study of 
the underlying chemical processes of life. As of March 2015, a cursory search on PubMed using 
the terms ‘Fluorescence’ and ‘Biochemistry’ will yield 337 results from the year 2015 alone and 
a similar search using the term ‘GFP’ yields 714 results during the same period. Fluorescence is 
an ideal tool to study biochemistry, because it is sensitive, specific, and, most importantly for in 
vivo experiments, non-invasive [1]. The inherent sensitivity of fluorescence allows it to be 
applied in a wide range of experimental designs, ranging from a single molecule all the way to an 
entire organism, as is the case with ANDi and Mr. Green Genes, a fluorescent monkey and cat, 
respectively [2].  
 Originally biochemists were limited in their use of fluorescence, only being able to attach 
small organic dyes to molecules of interest through the means of antibody recognition [2]. While 
this technique provided numerous insights, it also had numerous drawbacks. First, use of 
antibodies, while selective, requires an understanding of the molecule of interest to generate an 
antibody to target it. Second, antibodies have both specific and non-specific binding and third, 
this technique requires that cells be fixed and permeabilized, preventing live imaging techniques 
[2]. Despite these drawbacks, fluorescent labeling using antibodies is still a widely used 
technique within biochemistry. This technique, called immunofluorescence, allows for the 
visualization of cellular components, such as in [3], where immunofluorescence is used to 
visualize newly generated neurons in the dentate gyrus following a drug treatment, or in [4], 
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where immunofluorescence is used to visualize chromatin structure and how it is affected by the 
inhibition of glycolysis. 
 Many of the experimental limitations of immunofluorescence were removed when new 
technological advances allowed for a fluorophore to directly label a molecule of interest. 
Importantly, this advancement allows for live imaging of cells and cellular components [2]. 
However, this technique, like immunofluorescence, requires an understanding of the target 
molecule in order to design a fluorophore that will selectively label it. Despite this limitation, 
this method of labeling is widely used, from labeling intracellular proteins tagged with histidine 
[5], to the use of fluorescent in situ hybridization (FISH) to detect chromosomal mutations in an 
individual suffering from a sexual development disorder [6], or to detect RNA within tumor cells 
[7]. 
 By far, one of the most impactful findings in the field of biochemistry has been the 
discovery and isolation of Green Fluorescent Protein (GFP) from the Aequorea victoria jellyfish, 
a discovery that won the 2008 Nobel Prize in Chemistry. GFP, which is intrinsically fluorescent 
requiring no cofactors or substrates, emits green light when excited with blue light [8]. The 
fluorescence of GFP results from the formation of the chromophore from three amino acid side 
chains, ser65, tyr66, and gly67, via an autocatalytic cyclization reaction [8,9]. This chromophore 
is found in the center of the β barrel structure that comprises the structure of GFP, largely 
shielding it from the exterior environment [8]. Since its initial discovery, the spectroscopic 
properties of GFP have readily been characterized. GFP absorbs predominantly at two 
wavelengths, with a major peak at 398nm and a minor peak at 475nm [8]. Excitation at 398nm 
results in an emission maximum at 508nm and excitation at 475nm results in an emission 
maximum at 503nm. [8]  
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The use of GFP as a fluorophore provides almost limitless possibilities. GFP is a highly 
stable molecule resistant to heat, alkalinity, pH, detergents, photobleaching, salts, and proteases, 
allowing it to be used in a wide range of cellular conditions [8]. In addition, GFP is nontoxic to 
most cells, preventing deleterious side reactions [8]. As GFP is a protein with a known sequence, 
it can be easily expressed by cells without having to cross the plasma membrane [8].  Most 
importantly, with the advent of genetic manipulation, the sequence of GFP can be added to any 
known protein sequence, which when translated, results in a protein containing a GFP tag [8]. It 
is important to note that the fusion of GFP to a protein has no effect on the function or 
localization of the protein of interest, ensuring that the fundamental biochemical function is not 
altered [8]. GFP fusion proteins have a wide range of applications, ranging from the monitoring 
of gene expression to examining the localization of a protein of interest [8]. In this way, GFP 
provides a means of noninvasively imaging dynamic cellular events, an application that previous 
fluorescence methods had been unable to do [8]. 
 Fluorescence is primarily used for one of two experimental designs: detection and 
imaging or structural elucidation. The sensitivity of fluorescence allows it to measure minute 
quantities of a substance with good resolution. In conjunction with the new labeling methods 
described above, the implantation of new techniques, like microscopy and fluorescence 
resonance energy transfer (FRET), has allowed fluorescence to expand beyond its initially 
limited conditions [10,11]. 
 Fluorescence is widely used as a means of detection for a wide range of molecules and 
processes. Due to its overall sensitivity down to a single molecule, fluorescence provides an 
accurate means of detecting substances in nano and picomolar concentrations. Within the 
literature there are numerous instances in which fluorescence is employed to detect a desired 
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analyte or biochemical process. These range from the detection of single molecules like H2O2 
and H2S [12,13], to the detection and measurement of the activity of enzymes such as uracil-
DNA glycosylase and acetycholinesterase [14,15], to the detection of cellular processes like 
apoptosis [16]. The previous examples provide just five of numerous ways in which fluorescence 
is used as a means of detection, though they provide a great example of the widespread benefit 
and applicability of the findings obtained from these studies, ranging from a greater 
understanding of the pathology of Alzheimer’s and Down’s Syndrome [12,13], to an increased 
understanding of the fundamental processes behind life, such as neurotransmission and cell death 
[13,16].   
In addition to detection, fluorescence is widely used as a means of structural elucidation. 
Two factors make it an especially ideal tool for that application. First, the solvatochromic 
properties of many fluorophores, where the fluorescence wavelength shifts depending on the 
environmental conditions, allow one to analyze the environment surrounding a given fluorophore 
[1]. For a fluorophore attached to a protein, this fact allows a researcher to determine the protein 
microenvironment at the site of attachment, providing an understanding of both protein 
composition and folding [1]. Second, new methodologies, such as microscopy and FRET, allow 
fluorescence to probe previously inaccessible environments. The use of fluorescence for 
structural elucidation is especially useful when examining proteins. Proteins, due to their large 
size and 3D structure, present challenges for structural studies. Commonly used biochemical 
protocols, like sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE), while 
providing a means of assessing the size and mass of a protein, denature proteins, thereby 
preventing analysis of the 3D structure of a protein. In the same manner, techniques like X-ray 
crystallography and NMR, which are able to provide structural resolution of proteins, face 
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numerous experimental complications that prevent them for being applied to study a large 
portion of proteins. X-ray crystallography requires proteins to be crystallized, which for some 
proteins like receptors represents a hindrance to study, though new experimental protocols are 
improving the applicability of this technique; researchers have been able to successfully 
crystalize the human GABAB receptor and perform structural studies [17]. NMR, which provides 
information regarding protein dynamics, faces both size and cost limitations. Currently NMR is 
limited to a protein size of around 35kD, though new experimental technology and NMR 
protocols are seeking to extend this limit [18]. These new technologies, however, require 
electromagnets with high field strength, typically around 800MHz, representing a significant cost 
limitation. 
 Current research applying fluorescence for structural elucidation is widely varied. 
Previous research, before the advent of microscopy techniques, was largely limited to studies of 
protein folding, as seen with Waldo et al. who devised an assay to rapidly detect protein folding 
in E. coli using GFP [19]. Recently developed spectroscopic techniques have allowed the scope 
of fluorescence studies beyond protein folding, such as the study of membrane composition and 
structure through fluorescence correlation spectroscopy, where fluctuations in the fluorescence 
signal can be used to calculate diffusion constants and concentrations for membrane structures 
[20]. The application of FRET to biological processes has allowed researchers to study a wide 
range of topics beyond protein folding. One such example is the study of electrostatic lipid-
protein interactions [21], as well as the study of the RNA structure of structures underlying 
influenza infection, with implications for anti-viral drug design [22]. Microscopy techniques 
have allowed structural studies to expand widely in scope and in greater detail. One such 
example is the use of single-molecule microscopy to study interactions of the Amyloid-β 42 
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(Aβ42) peptide with membranes as a means of better understanding the disease pathology of 
Alzheimer’s [23]. In addition, microscopy techniques have allowed researchers to perform in 
vivo live imagining experiments of dynamic cellular events, such as actin filament growth and 
branching [24], providing greater knowledge of cytoskeletal structure. As detailed in [25], 
combining FRET and microscopy in a technique called FRET microscopy, has allowed 
researchers to study, among other processes, interactions between proteins as well as providing a 
means of examining protein folding in vivo. Since its advent, FRET microscopy expanded 
beyond protein folding and has allowed researchers to study cellular events like exocytosis and 
vesicle fusion [26], as well as the activity and function of receptors [27]. 
 As detailed above, the use of fluorescence in biochemistry has allowed researchers to 
study a wide variety of biological processes with implications ranging from drug design to 
understanding disease pathology. This can and will only increase. New technologies, such as the 
development of new fluorescent probes, targeting strategies, and instrumentation and techniques, 
have greatly increased the applicability of fluorescence to study biochemical processes [2]. One 
such process, protein oxidation and repair, is an active feature of study in the Landino laboratory.  
B. Protein oxidation and S-glutathiolation 
Humans, as aerobic organisms, are subject to the formation of reactive oxygen species 
(ROS) as a result of oxygen turnover in cells. In addition, ROS are endogenous and function in 
normal cellular processes like signaling and division [28]. While part of normal cellular 
functions, ROS can have deleterious effects due to their ability to modify the redox balance 
within cells. In this modification of the redox balance, ROS and their nitrogen counterparts 
(RNS) cause specific oxidative modifications to proteins [29]. These modifications, both 
reversible and irreversible in nature, result from the modification of critical amino acid side 
 
 
14 
 
chains within a protein, affecting, often negatively, the activity and function of the oxidized 
proteins [28,29]. Cysteine, a critical amino acid within numerous proteins, is especially 
susceptible to oxidative modification due to the reactive thiol (RSH) within its side chain [29]. 
Oxidation of cysteinyl thiols results in the formation of disulfide bonds (RSSR) that can cause 
protein misfolding and aggregation [29]. As a result of their ability to modify critical proteins 
within cells, ROS and RNS have been implicated in the pathologies of numerous diseases 
including Amyotrophic Lateral Sclerosis and Alzheimer’s, as well as functioning as part of the 
normal aging process [28]. 
While ROS and RNS are detrimental to cells, numerous mechanisms exist that serve to 
prevent damage. These mechanisms primarily consist of enzymes such as superoxide dismutase 
(SOD) and low molecular mass redox active molecules like vitamin E, vitamin C, and 
glutathione (GSH) (Figure 1); a tripeptide composed of L-glutamic acid, L-cysteine, and L-
glycine, with a γ-peptide bond linking glutamic acid and cysteine [28]. Within the cell, 
glutathione exists primarily in two forms based on its oxidation state; when oxidized it is GSSG 
and when reduced it is GSH. Glutathione is an efficient antioxidant for two primary reasons: 1) 
both GSH and GSSG are very soluble in aqueous solution [30], and 2) the γ-peptide bond is 
highly resistant to degradation by intracellular peptidases, making glutathione a stable molecule 
in a variety of cellular environments [30]. The antioxidant effects of GSH are enhanced by the 
fact that within the cytosol, the ratio of GSH to GSSG is maintained at levels ranging from 
1000:1 and 100:1 [30]. The high concentration of GSH ensures that the majority of cytosolic 
proteins are reduced, thereby maintaining normal cellular function. Importantly, the oxidation of 
GSH to GSSG is not permanent; rather GSSG can be reduced to GSH through two primary 
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mechanisms: thiol/disulfide exchange, and the glutathione reductase system, which uses an 
NADPH cofactor produced in the pentose phosphate pathway [30]. 
 
GSH is especially critical within cells due to its ability to non-enzymatically modify 
protein thiols (RSH) in a process known as S-glutathiolation. S-glutathiolation is involved in 
numerous cellular processes, the most critical of which being the protection of protein thiols 
against irreversible oxidation [28]. S-glutathiolation is especially pronounced during periods of 
oxidative and nitrosative stress [28]. The primary mechanism by which a protein is glutathiolated 
is via the oxidation of GSH to GSSG followed by direct thiol-disulfide exchange with the protein 
thiol [30]. Upon glutathiolation, a protein thiol is no longer susceptible to oxidation, thus 
preventing permanent protein dysfunction as a result of oxidative stress [29]. S-glutathiolation, 
while clearly beneficial to proteins, is not a ubiquitous process; rather it is affected by the 
reactivity and accessibility of the protein thiol and is favored in basic environments [30]. While 
S-glutathiolation serves to protect proteins from oxidation during oxidative stress it may render 
proteins inactive, contributing to the overall cellular dysfunction that occurs during periods of 
oxidative stress [31]. Dethiolation of S-glutathiolated proteins occurs through three primary 
mechanisms: non-enzymatic reduction, enzymatic cleavage of the disulfide bond by the 
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glutathione reductase system, or via direct thiol disulfide exchange with GSH after the 
intracellular redox balance is restored [28,29]. 
 Because of its ability to protect protein thiols, GSH serves as a modulating factor for a 
number of critical proteins during oxidative and nitrosative stress [31]. One such protein is 
tubulin, the primary component of microtubules and a major research focus in the lab. [32] 
Microtubules are critical in normal cellular function as they provide structure to the cell and are 
involved in both cellular signaling and transport. With roughly fifteen accessible thiols out of 
twenty total [32], tubulin is oxidized easily in vitro during periods of oxidative and nitrosative 
stress [32-36]; experiments using a mammalian cell line have also shown that tubulin is oxidized 
in vivo [37]. As microtubule formation is dependent on the polymerization of tubulin, oxidation 
of tubulin results in inhibition of microtubule polymerization and overall microtubular 
dysfunction [32, 34-38]. While deleterious to the cell, the oxidation of tubulin, and other 
proteins, is repaired by the glutathione reductase system composed of glutathione reductase, 
GSH, NADPH, and glutaredoxin [32, 38]. The presence of GSH within the glutathione reductase 
system is critical in the repair of oxidized tubulin, as oxidized tubulin is able to undergo thiol 
disulfide exchange with GSH, forming oxidized GSSG and reduced tubulin (Figure 3) [32]. In 
addition, reduced tubulin undergoes thiol-disulfide exchange with GSSG to produce oxidized 
tubulin and GSH (Figure 4) [32].  
tubulin ox +GSH→tubulin red + GSSG  
Figure 3: Reduction of tubulin by GSH.	  
tubulin red +GSSG→tubulin ox + GSH 
Figure 4: Oxidation of tubulin by GSSG.	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Due to tubulin’s reactivity with both oxidized and reduced glutathione, we believe that 
precise cellular control of GSH:GSSG is required to maintain tubulin, and other proteins, in the 
reduced, functional state. Considering that tubulin accounts for as much as 15% of total cytosolic 
protein and that GSH is the most abundant nonprotein thiol present in cells, the precise control of 
GSH:GSSG becomes especially critical [32].  
Understanding of the exact role of S-glutathiolation within cells has been limited due to 
the inability to detect S-glutathiolation in vivo. Numerous experimental methods have been 
developed to detect S-glutathiolation in vitro, including HPLC and MS; however, these systems 
are unable to discern whether the measured Sis simply a product of environmental conditions or 
an in vivo process [28]. The use of fluorescently tagged glutathione provides an ideal method for 
the detection of S-glutahiolation due to the high sensitivity of fluorescence. Current research in 
the lab has focused on developing an in vitro model of protein oxidation and S-glutathiolation 
using purified proteins. Two different fluorophores are currently employed in the lab to aid in 
this study, dansyl and fluorescein. 
C. Spectroscopic properties of dansyl and fluorescein 
Both dansyl and fluorescein are widely used in the labeling of amino acids and proteins, 
readily available, and well characterized, making them ideal candidates for this study. For each 
fluorophore, two derivatives are used, each of which reacts with different functional groups, 
allowing for the selective modification of amino acid side chains. 
Fluorescein, one of the most commonly used fluorophores in biochemical research, was 
the first fluorophore studied in the lab. Fluorescein is an especially ideal fluorophore as it has a 
high molar absorptivity, a large fluorescence quantum yield (Q) equal to 0.92, in H2O with 
minimal variation in different alcohol solvents [39], and has high photostability in a variety of 
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buffers [39,40]. However, careful consideration must be applied when using fluorescein. 
Fluorescein contains 3 ionizable groups, which allows it to exist in one of four ionization states 
depending on net charge; cationic, neutral, anionic, and dianionic [41]. Interconversion between 
these states is pH dependent; above pH 6.43 fluorescein exists in the dianionic state [41]. Each 
ionization state of fluorescein exhibits different spectroscopic properties, thus the buffer pH must 
be carefully controlled when using fluorescein [41]. As all of the experiments in the lab occur 
above pH 6.43, the information presented hereafter is for the dianionic form (F2-). 
Two different molecules of fluorescein are currently used in the lab: FITC (fluorescein 
isothiocyanate) (Figure 5) and IAF (5-iodoacetamidefluorescein) (Figure 6). Both FITC and IAF 
share the same overall structure, with the only difference between the two molecules being the 
functional group, which determines the selectivity. FITC, with the isothiocyanate functional 
group, reacts with amines and thus attaches to peptides or proteins at free lysine residues and at 
the N-terminus. IAF, with the iodoacetamide functional group, reacts with thiols and labels 
peptides and proteins at cysteine residues.  
  
  
As FITC and IAF share the same overall structure, they also have very similar 
spectroscopic properties. FITC absorbs at a maximum wavelength of 494 ± 3nm and fluoresces 
at a maximum wavelength of 520 ± 4nm, while IAF absorbs at a maximum wavelength of 492 ± 
Figure 5: FITC Figure 6: IAF 
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3nm and fluoresces at maximum wavelength of 515 ± 4nm [42, 43]. For both FITC and IAF, the 
above values correspond to measurements in 50mM potassium phosphate pH 9. The dielectric 
constant for sodium phosphate, D=78.3 debeyes, mirrors that of water, D=78.6 debeyes [44]. For 
both FITC and IAF, the molar absorptivity constant is especially high at 78,000 ± 7,000 M-1cm-1 
and 78,000 ± 5,000 M-1cm-1, respectively. [42, 43] It is important to note that the phosphate ion 
is a commonly used buffer within biochemistry, especially for oxidation experiments, as it 
provides an inert environment in which the reactions can take place; the central phosphate atom 
is already completely oxidized and is unable to undergo further oxidation. 
 Additional consideration must be used with fluorescein, as its fluorescence is dependent 
on two environmental considerations, polarity and protic strength. Fluorescein experiences 
positive solvatochromism, where as solvent polarity increases, fluorescein undergoes a 
bathochromic shift to a longer fluorescence wavelength, corresponding to lower energy. [45] 
This was also observed in aprotic solvents; however, in protic solvents, as the hydrogen bonding 
power of the solvent increases, the wavelength decreases [45]. These findings are a result of the 
different properties of the ground and excited states of the fluorescein molecule. The excited 
state is more polar than the ground state, whereas the ground state has greater hydrogen bond 
accepting capacity [45]. The quantum yield, however, is minimally affected by solvent polarity: 
Q= 0.92 in water, Q=0.94 in octanol, Q=0.92 in ethanol [39]. 
 Dansyl, a naphthalene derivative, is another fluorophore used in the lab to study S-
glutathiolation. Dansyl is a suitable fluorophore for this purpose because 1) it fluoresces with a 
high Q in the visible region of the UV/VIS spectrum; 2) it can be attached to proteins and amino 
acids in a well-understood, high yield reaction; and 3) amino acids that are dansylated are stable 
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in a broad range of pHs [46]. In addition, the structure of dansyl is not pH–dependent, 
eliminating one of the experimental considerations of fluorescein. 
 As for fluorescein, two derivatives of dansyl are used in the lab: dansyl chloride, 5-
(dimethylamino)naphthalene-1-sulfonyl chloride, (Figure 7) and IDANS, 5-((((2-
iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid (Figure 8). Both dansyl chloride and 
IDANS share the same overall structure; both contain the amino naphthalene group with an 
attached sulfonyl group. The primary structural differences, the sulfonyl chloride in dansyl 
chloride, and the iodoacetyl group in IDANS, serve as the basis for the selectivity of the 
molecules. Dansyl chloride is amine–reactive and thus, like FITC, will label lysine residues and 
the N-terminus of proteins, whereas IDANS, like IAF, is thiol reactive and label cysteine 
residues. 
  
 
While dansyl does not display pH dependence, there are still some considerations 
required when using it, especially for dansyl chloride. Dansyl chloride is not fluorescent until it 
reacts with an amine. The spectral properties of dansyl are thus dependent on the molecule to 
which it is attached. For dansyl chloride reacted with n-butylamine, dansyl absorbs at maximum 
wavelength of 340nm and fluoresces at a maximum wavelength of 510nm [47]. Whereas in 
chloroform, dansyl n-butylamine absorbs at a maximum wavelength of 341 ± 3nm and fluoresces 
Figure 7: Dansyl chloride Figure 8: IDANS 
SO2Cl
N(CH3)2
SO3H
NH(CH2)2NH C CH2I
O
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at maximum wavelength of 491 ± 4nm with a molar absorptivity of 4700  ± 400M-1cm-1 [48]. An 
understanding of the spectral properties of dansyl amino acids would also be beneficial. Dansyl 
glycine, the simplest dansyl amino acid, is a widely used dansyl amino acid in labeling 
experiments. In ethanol, dansyl glycine absorbs at a maximum wavelength of 340nm and 
fluoresces at a maximum wavelength of 510nm [47].  IDANS shares similar absorption 
wavelengths with dansyl chloride: 336nm in H2O and 340nm in ethanol [49]. However, the 
fluorescence maxima differ greatly from dansyl chloride. IDANS fluoresces at 460nm in EtOH, 
452nm in dioxane, and 520nm in H2O [49]. In addition, the molar absorptivity constant for 
IDANS differs from dansyl chloride: 5700 ± 400M-1cm-1 vs. 4700 ± M-1cm-1, respectively 
[48,50].   
The quantum yields, in addition to the molar absorptivity constant and the fluorescence 
wavelength, differ for dansyl chloride and IDANS. The quantum yield for dansyl tryptophan 
varies greatly, from Q=0.068 in H2O to Q=0.70 in dioxane [51]. However, for IDANS, the 
quantum yield was determined to be 0.54 [52]. 
Like fluorescein, the fluorescence wavelength for dansyl is dependent on environmental 
polarity. Both dansyl chloride and IDANS experience positive solvatochromism; the emission 
wavelength decreases as polarity decreases [49, 51]. However, the relationship is not strictly 
linear for IDANS. In alcohol solvents beyond 1-butanol, the fluorescence wavelength increases 
with decreasing solvent polarity [53]. This alcohol effect, however, is not observed for proteins 
labeled with IDANS; the fluorescence wavelength increases as the protein becomes 
progressively unfolded, corresponding to an increase in environment polarity [53]. 
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 Each of the fluorophores described above covalently modifies the functional group 
through a well-characterized reaction. The general reaction mechanism for which is provided 
below:  
IAF and IDANS: s-alkylation of thiols 
 à  
Dansyl chloride: 
R1SO2Cl  +  R2NH2  à R1O2S–NHR2 + HCl 
 
 
 
For convenience, a summary of the data from above is presented in a table below: 
 
 
 
SHR2R1CH2I + R1CH2 SR2   + HI
 
  
Fluorophore Selectivity λexcitation  λemission Solvent  Molar Absorptivity  Solvatochromism 
Dansyl chloride Amine 340 nm 510 nm Ethanol 4700±400 M-1cm-1 
4300 M-1cm-1 [ 
Positive 
341±3 nm 491±4 nm Chloroform 
IDANS Thiol 336 nm 520 nm H2O 5700±400 M-1cm-1 Positive 
340 nm 460 nm Ethanol 
339 nm 452 nm Dioxane 
FITC Amine 494±3 nm 520±4 nm 50mM potassium 
phosphate pH 9 
78,000±7000 M-1cm-1 Positive 
IAF Thiol 492±3 nm 515±4 nm 50mM potassium 
phosphate pH 9 
78,000±5000 M-1cm-1 Positive 
N C SR1 + R2NH2
S
C NHR2R1HN
FITC 
à 
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D. Previous progress in the laboratory 
Much progress has previously been made in the lab in studying protein oxidation and S-
glutathiolation; this remains one of the primary research interests of the lab. Previous work has 
been directed towards the synthesis of fluorescently-labeled glutathione derivatives using FITC 
and dansyl chloride. Previous published work in the lab has described the synthesis and 
purification of fluorescein glutathione (F-GSH) as well as two derivatives of oxidized 
glutathione (GSSG), F-GSSG (F1) and F-GSSG-F (F2). [54] Additional published work in the 
lab has synthesized and purified dansyl glutathione (D-GSH) as well as D-GSSG (D1) and D-
GSSG-D (D2) [55] We believe that the addition of the dansyl and fluorescein groups to 
glutathione does not affect the reactivity of the critical thiol; however, it is not known for sure 
since we are unable to compare with unlabeled GSH and GSSG. 
 Both D2 and F2 have been employed in the labeling of creatine kinase thiols with great 
success [55]. However, when the experiment was performed no direct comparison could be made 
between the different labeled samples due to the different fluorescent intensities of dansyl and 
fluorescein. Three primary labeling schemes were used to test the labeling of protein thiols, the 
first via thiol-disulfide exchange, where an oxidized protein is reacted with the labeled GSH; the 
second via the reduction of a mixed disulfide, where a labeled protein is reacted with a reducing 
agent, either dithiothreitoal (DTT) or  tris((2-carboxyethyl)phosphine) (TCEP); and the third via 
the formation of a mixed disulfide, where a reduced protein is reacted with a labeled GSH in the 
presence of an oxidant. The first two label methods resulted in a protein containing a fluorescent 
label, while the second method resulted in the removal of the fluorescent label [55]. The 
fluorescence, as measured using an imaging camera, was the brightest for the third method, 
indicating that this method is the most efficient for the labeling of thiols with glutathione [55]. 
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 Previous work was primarily focused on using fluorescein-labeled glutathione, as its 
large fluorescence intensity allowed for easy labeling and purification. However, attempts to 
reduce F2 to F-GSH were unsuccessful, thought to be a result of steric hindrance due to the large 
size of the fluorescein molecule [54]. F1, however, was successfully reduced to F-GSH and 
GSH, and both D1 and D2 were also successfully reduced to D-GSH and GSH as well [55]. This 
limitation, in addition to both the pH and environmental effects on the fluorescein, resulted in a 
switch to dansyl-labeled glutathione in 2012.  
 To ensure that the addition of dansyl groups to glutathione does not affect its ability to 
label protein thiols, labeling experiments were performed using creatine kinase and GAPDH as 
reference proteins. Varying the percent composition of GSSG and D2 and observing the resulting 
fluorescent intensity revealed that an increase in the percent of GSSG over D2 resulted in a 
decrease in the fluorescent intensity, with the reverse effect observed as the percentage of D2 
increased [55]. This indicates that there is no preference for GSSG over D2, meaning that the 
addition of dansyl groups does not affect the ability of glutathione to add to thiols [55]. This 
finding in particular enables dansyl-labeled glutathione to be used in the study of protein 
oxidation and repair. 
 While much work in the lab has been accomplished in this area, the results are largely 
qualitative. Fluorescent measurements were taken using an imaging camera with an excitation 
wavelength of 302 nm and the resulting image analyzed using quantitative software. This, 
however, provides no information regarding the fluorescence wavelength and different 
parameters that can contribute to the overall understanding of protein oxidation and repair. 
Therefore, the goal of this thesis is to develop a methodology to study protein S-glutathiolation 
using fluorescence spectroscopy. 
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Materials and Methods 
Materials: 
Dansyl chloride, GSH, GSSG, IAF, papain, rabbit muscle creatine kinase (CK), and 
rabbit muscle glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were obtained from Sigma 
(St. Louis, MO). Dithiolthreitol (DTT) and bovine serum albumin (BSA) were obtained from 
Fisher (Waltham, MA). Tris(2-carboxyethyl)phosphine (TCEP) and bicinchoninic acid (BCA) 
were obtained from Thermo Pierce (Rockford, Il). IDANS was obtained from Molecular Probes 
(Eugene, OR). FITC was obtained from Fluka (Seezle, Germany). All other chemicals were from 
Sigma or Fisher. 
Absorbance measurements: 
 Absorbance measurements were performed using an Ocean Optics USB2000 
spectrometer using the SpectraSuite software according to the directions from the manufacturer. 
Each measurement was performed in a quartz semimicro cuvette with a 1 cm path length and 1 
mL sample volume. To ensure consistent measurements across different days, the following 
experimental parameters were used for each reading: 10,342 µs integration time and 5 scans to 
average. In addition, the absorbance of a 10 µM dansyl glycine (DG) standard, prepared from a 1 
mM DG standard in 10 mM PB pH 7.4, was measured prior to each reading. Between readings, 
the cuvette was rinsed with DI and dried using a Kimwipe to minimize contamination of 
samples.  
 Beer’s law was used to determine the concentration of the glutathione derivatives using 
the following molar absorptivity constants: FITC, ε=78,000 ± 7000 M-1cm-1 [42]; IAF, ε=78,000 
± 5000 M-1cm-1 [43]; IDANS, ε=5700 ± 400 M-1cm-1 [48], and dansyl chloride, ε=4300 M-1cm-1 
[56]. 
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Fluorescence measurements: 
 The fluorescence measurements were performed on a PerkinElmer LS 55 
spectrofluorimeter with Fl WinLab software. The experimental parameters were varied 
depending on the molecule being studied and are provided below. Each measurement was 
performed in a quartz semimicro fluorimeter cell with a 10 mm pathlength and a 1 mL sample 
volume. To prevent any contamination between samples, the cuvette was rinsed with DI, dried 
with a Kimwipe, and rinsed with 1 mL of sample between measurements. 
Dansyl chloride 
Excitation λ: 325 nm 
Range: 450-600 nm 
Bandpass 15 nm 
Scan speed 100 nm/min 
 
Dansyl acid 
Excitation λ: 310 nm 
Range: 400-600 nm 
Bandpass 15 nm 
Scan speed 100 nm/min 
 
Fluorescein 
Excitation λ: 325 nm 
Range: 480-600 nm 
Bandpass 15 nm 
Scan speed 100 nm/min 
 
GS–DANS 
Excitation λ: 337 nm 
Range: 450-600 nm 
Bandpass 15 nm 
Scan speed 100 nm/min 
 
BSA–DANS: native and EtOH-precipitated 
Excitation λ: 331 nm 
Range: 400-550 nm 
Bandpass 15 nm 
Scan speed 100 nm/min 
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SDS–PAGE purified BSA-DANS and SDS 
Excitation λ: 300 nm 
Range: 325 nm 
Bandpass 15 nm 
Scan speed 100 nm/min 
 
Papain–DANS: native and EtOH-precipitated 
Excitation λ: 342 nm 
Range: 375-600 nm 
Bandpass 15 nm 
Scan speed 100 nm/min 
 
Dansyl-labeled proteins 
Excitation λ: 325 nm 
Range: 375-600 nm 
Bandpass 15 nm 
Scan speed 100 nm/min 
  
Similar to absorbance measurements, the fluorescence a 5 µM DG standard in 10 mM PB 
pH 7.4 was measured to ensure consistent readings across days. 
Camera fluorescence 
 Fluorescence was also measured using a ChemiDoc XRS Imaging System. 
Measurements were performed in a 96 well black plate with a 200 µL sample volume. Imaging 
was performed using the Image Lab software with preset protocols: Ethidium bromide for 
dansyl-containing solutions and fluorescein for fluorescein-containing solutions. The 
fluorescence intensity was determined by integrating the volume of the resulting image. 
BCA assay 
 To determine the protein concentration within a given sample, the BCA assay was 
performed with 1 mg/mL BSA standards according to the manufacturer’s directions. The protein 
concentration in a given sample was determined from the absorbance at 562 nm using a BSA 
standard curve. 
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D1 and D2 preparation: 
D1 and D2 were prepared from previously prepared and dried samples. The samples were 
resuspended in 10mM PB pH 7.4 and incubated at 37°C to ensure complete resuspension before 
use. 
DG preparation: 
 A 20mM DG solution was prepared by adding 3.0 mg of DG to 487 uL of 
dimethylformamide (DMF). This standard solution was diluted to the appropriate concentration 
used for the absorbance and fluorescence measurements. 
D-GSH preparation 
 To prepare D-GSH, a previously purified D2 sample was resuspended in 200 µL H2O 
followed by 300 µL of 0.1M Tris-HCl pH 7.4. After determining the D2 concentration, solid 
TCEP was added to achieve 5x the concentration of D2. The resulting D2+TCEP reaction was 
incubated at 37 °C for 30 minutes, or until D2 was sufficiently reduced as determined by thin- 
layer chromatography (TLC) with an 80:20:1 acetonitrile (AcCN): water (H2O): acetic acid 
(HAc) running solution. 
 Once sufficiently reduced, the D2+TCEP reaction mixture was purified on a C8 column, 
with the purification procedure as follows. After loading the D2/TCEP solution, the column was 
washed with H2O, 20% methanol (MeOH), and 100% MeOH washes containing 0.1% HAc. 
Column fractions were visualized using a hand-held UV light and tested for the presence of 
TCEP and free thiols by mixing an aliquot with the BCA reagent, which in the presence of TCEP 
and thiols, instantly turns brown and purple, respectively. The resulting fractions were then run 
on a TLC plate and visualized using UV light and ninhydrin to determine fraction composition.  
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D-GSH was predominantly found in the first 1mL 100% methanol wash, which was then 
aliquoted and dried in the SpeedVac overnight. Prior to use, the D-GSH pellet was resuspended 
in 10 mM PB pH 7.4. 
Dansyl acid preparation 
 Dansyl acid was prepared from a solution of dansyl chloride (11.1 mM) in acetone. To 
this, 1 mL of 0.1 M sodium hydroxide (NaOH) was added and the solution was placed on ice for 
1 hour with intermittent vortexing. After one hour, 1/100 of the total solution volume (20 µL) of 
HAc was added to neutralize the NaOH. Dansyl acid was purified from the reaction mixture by 
C8 column chromatography with H2O and MeOH washes containing 0.1% HAc and the column 
fractions visualized under UV light. As the MeOH washes exhibited the greatest fluorescence, 
they were dried under vacuum. Prior to use, the dansyl acid pellets were resuspended in 10 mM 
PB pH 7.4. 
F1 and F2 preparation 
 F1 and F2 were prepared from a modified protocol from [54] with the following reagents: 
50 mM FITC in DMF and 10 mM GSSG in 0.1 M ammonium bicarbonate. FITC (6.5 mM) was 
reacted with 6.5 or 7.5 mM GSSG (13 or 15 mM RNH2) in 0.1 M ammonium bicarbonate buffer. 
The reactions were run at room temperature with stirring and periodically checked for product 
formation by TLC. Completed reactions were stored at 4 °C prior to purification. 
 The FITC/GSSG reaction (1 mL) was loaded on to a C8 column. After equilibrating, the 
load eluent was collected and labeled as fraction 1. The column was washed with 2x 500 µL H2O 
washes and labeled as fractions 2A and 2B. An additional 1 mL H2O wash was performed and 
labeled as fraction 3. Two, 1 mL MeOH washes were then performed and labeled fractions 4 and 
5, respectively. The fraction composition was determined by TLC, where F1 and GSSG were 
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detected in fraction 2A and F2 detected in fraction 4. MeOH was removed from F2 under 
vacuum. Prior to analysis, the F2 pellet was resuspended in 150 µL of 10 mM PB pH 7.4. 
F-GSH preparation 
F-GSH was prepared from F1. Excess TCEP was added to F1 and the reaction was 
incubated at room temperature in the dark. No purification was performed on the F1/TCEP 
reaction prior to use. 
GS-AF preparation 
 GS-AF was prepared using 10 mM IAF in DMF and 20 mM GSH in 10 mM PB pH 7.4. 
Three GSH/IAF reactions were prepared: 2:1, 4:1, and 6:1 GSH:IAF. Each contained 20 µL of 
IAF and 20, 40, and 60 µL of GSH for the 2:1, 4:1, and 6:1 reactions, respectively. Reaction 
progress was monitored by TLC with an IAF reference. 
 The GSH/IAF mixtures were pooled, the total volume brought to 1 mL with 10 mM PB 
pH 7.4, and purified on a C8 column with 3x1 mL H2O washes and 10%, 20%, 30%, 50%, and 
100% MeOH washes. Column fractions were analyzed by TLC. GS-AF was detected in the H2O 
and the 30% MeOH washes. The 30% MeOH wash was left uncovered at room temperature to 
evaporate the MeOH. 
GS-DANS preparation 
 GS-DANS was prepared from a 4:1 GSH:IDANS reaction mixture containing 80 µL of 
20 mM GSH in 10 mM PB pH 7.4 and 40 µL of 10 mM IDANS in DMF. The GSH/IDANS 
mixture was incubated at room temperature for an hour with product formation periodically 
examined by TLC with an IDANS reference. The completed reaction was stored at 4 °C prior to 
purification. 
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 The GSH/IDANS mixture was brought to a volume of 1 mL with 10 mM PB pH 7.4 
before purifying by C8 chromotography. After loading the reaction and letting it equilibrate, the 
column was washed with DI, 10%, 20%, 50%, and 100% MeOH washes containing 1 µL/mL 
HAc. The fractions were visualized with UV light and fraction composition monitored by TLC 
with an IDANS reference, where it was shown that GS-DANS elutes entirely in the first H2O 
wash. 
BSA-DANS preparation 
 BSA-DANS was prepared using the following reagents: 500 µL of 2 mg/mL BSA in 10 
mM PB pH 7.4, 40 µL of 50 mM IDANS in DMF, and 1 µL of 100 mM TCEP in H2O. The 
reaction proceeded at room temperature for 30 minutes with intermittent vortexing. BSA-DANS 
was separated from excess IDANS on a desalting column using the minimal dilution protocol 
from the manufacturer (Bio-rad), where the column was first equilibrated with 20 mL of 10 mM 
PB pH 7.4. After equilibrating, the sample volume was then added to the column and allowed to 
flow through. Once the sample was loaded onto the column, a total of (3 mL - sample volume) of 
buffer was added to the column and allowed to flow through. To elute the bound BSA-DANS, 8 
mL of 10 mM PB pH 7.4 was added and 8 x 1 mL fractions were collected. The column was 
visualized under UV light to determine whether there was any remaining bound fluorescent 
material. In a departure from the manufacturer’s directions, 2 additional 1 mL fractions were 
collected. All 10 fractions were then visualized under UV light and the protein concentration 
determined by BCA assay, which revealed that BSA-DANS was predominantly found in 
fractions 8,9, and 10, with fraction 9 having the highest amount of protein. 
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Papain-DANS preparation 
 Papain-DANS was prepared using a modified protocol from [57]. Papain (98.3 µM) was 
prepared in 500 µL of 10 mM PB pH 7.4. To this, 25 µL of 10 mM IDANS in DMF and 1 µL of 
100 mM TCEP in H2O were added. The papain/IDANS mixture was incubated at 37 °C for 1 
hour before purification on a desalting column with the minimal dilution protocol previously 
described. The protein content in each fraction was measured using the BCA assay, where 
papain-DANS was detected in fractions 3, 4, and 5. 
D-BSA preparation 
 D-BSA was prepared using a procedure adapted from [58] with the following 
modifications: 0.1 M sodium bicarbonate buffer was used to dissolve the 5 mg/mL BSA instead 
of 0.2 M, and 200 µL of 50 mM dansyl chloride in acetone was used instead of 500 µL of 5 mM 
dansyl chloride. The reaction was incubated at room temperature for 1 hour with intermittent 
vortexing until the observed yellow color disappeared. Purification was performed using a 
variant of the minimal dilution protocol from Bio-rad. A 1.5 mL sample volume of D-BSA was 
loaded on the column. To that 1.5 mL of 10 mM PB pH 7.4 was added and allowed to flow 
through. D-BSA was collected in 1.5 x the sample volume (2.25 mL) of buffer. 
D-papain preparation 
 D-papain was prepared using the protocol established by [58]. 5 mg papain was added to 
500 µL of 0.2 M sodium bicarbonate, to that 500 µL of 5 mM dansyl chloride in acetone was 
added. After 1 hour at 37 °C, the labeled papain was purified by desalting with the minimal 
dilution protocol. The protein content was measured using the BCA assay, where it was 
determined that D-papain elutes in fractions 5 and 6. 
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EtOH precipitation 
 To precipitate a protein, 4 volumes of 100% ethanol (EtOH) was added to a protein 
sample, resulting in an 80% EtOH solution. This solution was then placed in the -20 °C freezer 
until a visible pellet had formed. Once a pellet had formed, the following procedure was 
performed: first, the 80% EtOH solution containing the pellet was centrifuged at 13,000 rpm for 
10 mins. Next, the resulting supernatant was discarded and the pellet was washed with 500 µL of 
a chilled 80% EtOH solution. This solution was then centrifuged at 13,000 rpm for 5 min. The 
supernatant was discarded, the pellet was washed with 250 µL of chilled 80% EtOH, and 
centrifuged at 13,000 rpm for 5 min. This step was repeated until the supernatant was no longer 
fluorescent, or the fluorescence intensity of the supernatant did not change between washes. The 
microcentrifuge tube containing the pellet was inverted on a Kimwipe for 10 min to allow any 
remaining EtOH to evaporate. The pellet was resuspended with minimal 6 M guanidine 
hydrochloride (guHCl) before adding 10 mM PB pH 7.4 to a final solution volume of 500 µL. 
SDS PAGE purification of BSA-DANS 
 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) was run on two 
samples of BSA-DANS, per standard operating procedures, with 2, 7.5% 1.5 mm separating 
gels. The gels were run at 90 V for the first 15 minutes, followed by 115 V for the remaining 
hour. The gels were visualized with UV light source to reveal the BSA-DANS bands. These 
bands were excised from the gel and placed in a test tube containing 1.3 mL of 10 mM Tris pH 
8.8 to allow the protein to elute from the gel prior to use. 
 
 
 
 
 
34 
 
SDS preparation 
 To prepare a 10% sodium dodecyl sulfate (SDS) solution, 1 g of SDS was brought to 10 
mL with H2O and incubated at 37 °C until the SDS was completely dissolved. When not in use, 
the SDS solution was kept in the incubator to ensure that it remained dissolved. 
Oxidative labeling of proteins 
 To label proteins with D-GSH, a reaction mixture containing 1 µg/µL of protein, 0.5 mM 
D-GSH, and 2 mM H2O2 was prepared and reacted for 15 minutes. After 15 minutes, 
iodoacetamide (IAM) was added to stop the reaction and block any unreacted cysteines. The 
labeled proteins were precipitated in 80% EtOH and purified via centrifugation before use 
 
Results 
A. Glutathione derivatives:  
a. Fluorescein glutathione 
 For all of the measurements described below the following buffers were used: 10 mM PB 
pH 8.5, 10 mM Tris pH 8.1, and 10 mM Tris pH 8.8. These buffers were selected as to ensure 
that fluorescein was in the dianionic form. Due to the large fluorescence quantum yield of 
fluorescein, the fluorescence spectra of F1, F2, and F-GSH were measured across a concentration 
range of 25-150 nM when measured with the fluorimeter and 25-200 nM with the camera. The 
fluorescence of GS-AF; however, was measured across a concentration range of 9.6-96 µM with 
the fluorimeter and 9.6-192 µM with the camera. For all of the fluorescein-containing molecules 
described below, the fluorescence intensity was linear with R2 values greater than 0.97. 
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i. Spectroscopic data for F1 and F2  
 Buffer composition had no effect on both the absorbance and fluorescence maxima. F1 
and F2 had absorbance maxima at 493±2 nm and fluorescence maxima at 516-518 nm. The 
emission intensities ranged from 126-860 for F1 and 125-770 for F2. 
ii. Spectroscopic data for F-GSH and GS-AF 
GS-AF 
GS-AF had an absorbance maximum at 493±3 nm and an emission maximum at 512-
515nm. The emission intensities ranged from 67 to 715. 
F-GSH 
There was no difference between the results for F-GSH and those of F1 and F2. Emission 
intensities were in the range of 120 to 846. 
iii. Summary of fluorescein data: 
Molecule Absorption wavelength (nm) Emission wavelength (nm) Intensity range 
F1 493 ± 2 516-518 126-860 
F2 493 ± 2 516-518 125-770 
F-GSH (w/ TCEP) 493 ± 2 516-518 67-715 
GS-AF 493 ± 3 512-515 120-846 
iv. Representative spectra 
  
Figure 9: Fluorescence emission spectra for 100 nM F2 (left) and 48 nM GS-AF (right) in 10 mM Tris pH 8.1, excitation 
at 325 nm 
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b. Dansyl glutathione 
i. Spectroscopic results for DG, D1, and D2 
 Absorption and fluorescence measurements were performed in 10 mM PB and 10 mM 
Tris with a pH range from 7.4 to 8.8. Buffer composition and pH were shown to have no effect 
on the absorbance and emission wavelengths for DG, D1, and D2. In addition, the fluorescence 
intensity of each molecule was demonstrated to be linear in the concentration range of 2.5-10 
µM, with R2 values greater than 0.96 when measured with both the camera and the fluorimeter. 
DG 
 As DG served as the reference for all other measurements, its spectroscopic properties 
were first characterized. DG had an absorbance maximum at 327±2 nm and an emission 
maximum of 540±2 nm. Across the concentration range, the emission intensities for DG ranged 
from 117 to 390. 
D1 and D2 
 Both D1 and D2 had absorbance maxima at 326±2nm and emission maxima at 538±2nm. 
Emission intensities ranged from 155 to 635 for D1 and 157 to 566 for D2. 
ii. Spectroscopic data for D-GSH and GS-DANS 
 Absorption and fluorescence measurements were performed in 10 mM PB and 10 mM 
Tris in the pH range of 7.4 to 8.8. Buffer composition and pH had no effect on the absorption and 
fluorescence wavelengths. The fluorescence of both molecules was measured across a 
concentration range of 2.5 µM to 10.0 µM. Across this range, the fluorescence intensity was 
linear with R2 values greater than 0.98 for D-GSH and 0.96 for GS-DANS when measured with 
both the camera and the fluorimeter. 
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D-GSH  
To examine the effects of reducing agents on the spectroscopic properties of D-GSH, 
absorption and fluorescence measurements of D-GSH were performed with DTT and TCEP. The 
presence of DTT had no effect on the absorption and emission wavelengths of D-GSH, 326±2 
nm and 536±3 nm, respectively. However, the presence of TCEP resulted in a decrease in the 
emission wavelength to 525-535 nm. Emission intensities for D-GSH without reducing agents 
ranged from 108-748.  
GS-DANS 
 GS-DANS absorbed at a maximum wavelength of 337±2 nm and emitted at a maximum 
wavelength of 495±2 nm. Emission intensities ranged from 294-473 in 10 mM Tris pH 8.8. 
iii. Summary of dansyl data 
Molecule Absorption wavelength (nm) Emission wavelength (nm) Intensity range 
DG 327±2 540±2 117-390 
D1 326±2 538±2 155-635 
D2 326±2 538±2 157-566  
D-GSH 326±2 536±3 108-748 
D-GSH + DTT 327±2 537±3 138-518 
D-GSH + TCEP 327±2 525-535 182-632 
GS-DANS 337±2 495±2 294-473 
iv. Representative spectra…. 
  
Figure 10: Fluorescence emission spectra for 7.5 µM D1 (left) and 7.5 µM D-GSH (right) in 10 mM PB pH 7.4, excitation 
at 325 nm 
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B. Rf Values for GS-AF and GS-DANS 
 The Rf values for the molecules below were calculated using a 1µL sample size and run in 
a TLC plate with 80:20:1 AcCN:H2O:HAc solvent mixture 
 GS-AF: Rf=0.35  
 GS-DANS: Rf=0.18 
 
C. Spectroscopic data for dansyl acid (dansyl sulfonic acid) 
 As dansyl acid is produced from unreacted dansyl chloride, its spectroscopic properties 
were characterized to ensure that no unreacted dansyl chloride was found in any of our samples. 
Absorbance measurements revealed that dansyl acid absorbs at a maximum wavelength of 310±2 
nm in 10 mM PB pH 7.4.  The fluorescence was measured in both 10 mM PB and 10 mM Tris in 
the pH range of 7.4 to 8.8. Buffer composition and pH had no effect on the fluorescence 
wavelength. Dansyl acid had an emission maximum at 501±2 nm. The fluorescence intensity of 
dansyl acid (84-628 µM) was linear across the range of 59-585 with R2 values greater than 0.97. 
D. Summary of the proteins used: 
 Below is a table of the proteins used to examine S-glutathiolation 
Protein Function Molecular 
weight 
Isoelectric point 
(pI) 
Number of free cysteines 
BSA [59] Blood serum 
protein 
66,430 Da 5.3 1 
Papain [60] Cysteine 
protease 
23,406 Da 8.75, 9.55 1 
 
Rabbit GAPDH 
[61,62] 
Glycolytic 
enzyme 
36,000 Da 
(subunit) 
144,000 Da 
(oligomer) 
8.5 4 
Rabbit CK 
[63,64] 
ATP 
regeneration 
81,000 Da muscle: 7.2 
 
4 
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E. BSA 
i. Spectroscopic data for D-BSA and BSA-DANS 
D-BSA 
Absorbance and fluorescence measurements for D-BSA were performed in 10 mM PB 
pH 7.4, 10 mM Tris pH 7.4, and 10 mM Tris pH 8.8. D-BSA had an absorbance maximum at 
329±2 nm and an emission maximum at 513±2 nm. The fluorescence intensity of D-BSA (2.5-10 
µM) ranged from 50-250 and was linear with R2 values greater than 0.99. 
BSA-DANS 
 Absorbance and fluorescence measurements for BSA-DANS were performed in the 10 
mM PB pH 7.4, 10 mM Tris pH 7.4, and 10 mM PB 8.5. Independent of buffer composition and 
pH, BSA-DANS had an absorbance maximum at 331±2 nm and an emission maximum at 451±3 
nm. The fluorescence intensity of BSA-DANS (81-810 nM) ranged from 100-954 and was linear 
with R2 values greater than 0.95. 
ii. Spectroscopic data for denatured BSA-DANS 
 Two methods were used to denature BSA-DANS: SDS PAGE and EtOH precipitation. 
Absorbance measurements for the denatured BSA-DANS from both methods were performed in 
10 mM PB pH 7.4. The absorbance spectra were negative-sloped lines beginning at 280nm and 
decreasing thereafter. There were no absorbance peaks within the region where dansyl typically 
absorbs, and thus no concentrations could accurately be determined. For this reason, the resulting 
concentration measurements used relative concentrations in µL/mL. 
SDS PAGE purified BSA-DANS 
 Fluorescence measurements for the SDS PAGE purified BSA-DANS were performed in 
10 mM PB pH 7.4. Emission spectra for the denatured BSA-DANS revealed two significant 
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peaks, one at 334±2 nm and the other at 463±3 nm, with the peak at 334±2 nm higher in 
intensity.  
SDS 
 As the peak at 334±2 nm was significantly lower in wavelength than any previous 
sample, the fluorescence of SDS was measured to see if that was the cause. Addition of 1% SDS 
to BSA-DANS resulted in an emission peak at 335 nm. Additionally, the fluorescence of a 1% 
SDS solution in 10 mM PB pH 7.4 had an emission maximum at 334±2 nm 
EtOH–precipitated BSA-DANS 
 Fluorescence measurements for the EtOH–precipitated BSA-DANS were performed in 
10 mM PB pH 7.4. The EtOH-precipitated BSA-DANS emitted at a maximum wavelength of 
463±2 nm. Addition of 6 M guHCl to native BSA-DANS decreased the emission maximum to 
451 nm. 
iii. Summary of BSA data 
Molecule Absorption wavelength (nm) Emission wavelength (nm) 
D-BSA 329 ± 2 513 ± 2 
BSA-DANS 331 ± 2 451 ± 3 
EtOH–precipitated BSA-DANS - 463 ± 2 
BSA-DANS +6M guHCl 330 451 
SDS PAGE denatured BSA-DANS - 463 ± 3 
BSA-DANS +1% SDS 330 460 
SDS - 333 ± 2 
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iv. Representative spectra 
  
Figure 11: Fluorescence emission spectra for 5 µM D-BSA (left) and 81 nM BSA-DANS (right) in 10 mM PB pH 7.4, 
excitation at 325 nm for D-BSA and 331 nm for BSA-DANS 
 
F. Papain 
i. Spectroscopic data for D-papain and papain-DANS 
 Noisy absorbance spectra for D-papain and papain-DANS prevented accurate 
concentration determinations. Instead, concentrations were determined from the BCA assay with 
concentrations reported for papain rather than dansyl. 
D-papain 
 Fluorescence measurements for D-papain were performed in 10 mM PB pH 7.4, 10 mM 
Tris pH 7.4, and 10 mM Tris pH 8.8. Buffer composition and pH had no effect on the 
fluorescence wavelength; D-Papain had an emission maximum at 505±3 nm. The fluorescence 
intensity of D-papain (43-270 nM) was linear across a range of 119 to 690 with R2 values greater 
than 0.99 for all buffers expect 10 mM Tris pH 7.4, which had a lower R2 value but still 
displayed linearity.  
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Papain-DANS 
 Fluorescence measurements for papain-DANS were performed in 10 mM PB pH 7.4 and 
10 mM Tris pH 8.8. In all buffers, papain-DANS had an emission maximum at 497±3 nm. The 
fluorescence intensity of papain-DANS (55-390 nM) was linear across a range of 77-420 with R2 
values greater than 0.97.  
EtOH-precipitated papain-DANS 
 Fluorescence measurements for EtOH-precipitated papain-DANS were performed in 10 
mM PB pH 7.4. Measurements were performed on the same day as purification to prevent the 
degradation of the precipitated papain-DANS. EtOH-precipitated papain-DANS had an emission 
maximum at 481±3 nm. The fluorescence intensity was linear with an R2 value greater than 0.99.  
ii. Summary of papain data 
Molecule Emission wavelength (nm) 
D-papain 505±3 
Papain-DANS 497±3 
EtOH-precipitated papain-DANS 481±3 
 
iii. Representative spectra 
  
Figure 12: Fluorescence emission spectra of 67 nM D-papain (left) and 57 nM papain-DANS (right) in 10 mM PB pH 7.4, 
excitation at 325 nm for D-papain and 331 nm for papain-DANS 
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G. Oxidative labeling with D-GSH 
i. Emission data 
 For each of the labeled proteins below, the fluorescence of 2 x 50 µL/mL samples was 
measured in 10 mM PB pH 7.4, 10 mM Tris pH 7.4, and 10 mM Tris pH 8.8. The buffer had no 
effect on the emission wavelength of the labeled protein. 
BSA 
 Labeled BSA had an emission maximum at 505-507 nm and an average fluorescence 
intensity of 292 across all buffers. 
Papain 
 Labeled papain had an emission maximum at 521 ± 2 nm and an average fluorescence 
intensity of 194 across all buffers. 
CK 
 Labeled CK had an emission maximum at 507-510 nm and an average fluorescence 
intensity of 298 across all buffers. 
GAPDH 
 Labeled GAPDH had an emission maximum at 510-512 nm and an average fluorescence 
intensity of 308 across all buffers. 
ii. Summary of data 
Protein Emission wavelength (nm) Average emission intensity 
BSA 505-507 292 
Papain 519-523 194 
CK 507-510 298 
GAPDH 510-512 307 
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iii. Representative spectra 
  
Figure 13: Fluorescence emission spectra of 50 µL/mL labeled BSA (left) and papain (right) in 10 mM PB pH 7.4, 
excitation at 331 nm 
 
  
Figure 14: Fluorescence emission spectra for 50 uL/mL labeled CK (left) and GAPDH (right) in 10 mM PB pH 7.4, 
excitation at 325 nm 
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Discussion: 
 
Dansyl vs. fluorescein 
 Dansyl and fluorescein have both been used in the lab to study S-glutathiolation; we have 
successfully synthesized and purified glutathione derivatives with both fluorophores and have 
successfully labeled proteins using both. However, both fluorophores have significant 
advantages and disadvantages. A significant advantage with fluorescein is that it has an intense 
absorbance, ε= 78,000 M-1cm-1 at 490 nm, and fluoresces with a high quantum yield, Q > 0.92, 
allowing for easy detection without irradiating with UV light. However, F2 cannot be reduced to 
F-GSH [55]. The advantages of dansyl are that both D1 and D2 are reduced with DTT and TCEP 
and undergo exchange with GSH [55]. However, dansyl has a weak absorbance, ε=4700 M-1cm-1 
at 330 nm; it does not have a visible color unless highly concentrated; and the fluorescence of 
dansyl is dependent on the environmental polarity and the polarity of the protein that it is bonded 
to. Despite the apparent disadvantages of dansyl, the fact that F2 cannot be reduced makes 
dansyl the better fluorophore for our studies. 
Glutathione derivatives 
 Labeling of GSH and GSSG with dansyl and fluorescein had no effect on the absorption 
and emission wavelengths; D1, D2, and D-GSH all absorbed and emitted in the same region of 
the spectrum, 326 ± 3 nm and 536-540 nm, respectively. F1, F2, F-GSH, and GS-AF all 
absorbed and emitted in the same region of the spectrum, 493 ± 3nm and 512-518 nm, 
respectively. The only exception to this finding was GS-DANS, which absorbed at 337 ± 2 nm 
and emitted at 495 ± 2nm. However, the emission wavelength for IDANS is lower than dansyl 
chloride, 460 nm vs. 510 nm in EtOH, respectively. For each of the derivatives listed above, 
there was no fluorescence quenching; the fluorescence intensity was linear across the measured 
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concentration ranges. This removes any concentration limitations when using the glutathione 
derivatives. 
Dansyl acid 
 The absorption and emission wavelengths for dansyl acid were significantly different 
than the wavelengths for dansyl glutathione; dansyl acid absorbs at 310 ± 2 nm and emits at 501 
± 2 nm, whereas D1 absorbs at 326 ± 2 nm and emits at 538 ± 2 nm. The differences in 
wavelength provide reasonable certainty that only the absorption and fluorescence of reacted 
dansyl were measured. 
EtOH precipitation vs. SDS PAGE 
 Both EtOH precipitation and SDS PAGE are methods used to denature proteins into their 
primary structure. BSA-DANS was denatured by both methods with no effect on the emission 
wavelength; both the SDS PAGE purified BSA-DANS and EtOH-precipitated BSA-DANS had 
emission maxima at 463 ± 3 nm. This allows for both methods to be used to denature proteins. 
However, SDS contained an fluorescent impurity with an emission wavelength of 333 ± 2 nm. 
This finding was observed with both pure SDS obtained from C. J. Abelt, and the SDS used in 
the laboratory, which is optimized for the separation of proteins like tubulin. There was no 
observed fluorescence peak at 333 nm for the EtOH-precipitated BSA-DANS. For this reason, 
only EtOH precipitation was used to denature proteins.  
Comparison of Native BSA and papain 
 Comparing the emission wavelengths of labeled BSA and papain against their GSH 
derivatives confirmed the positive solvatochromism of dansyl. The labeled proteins had a lower 
emission wavelength than their corresponding GSH derivatives, independent of the site of 
labeling. Intuitively these findings make sense, as the GSH derivatives were in a largely polar 
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environment surrounded by water and buffer molecules, whereas proteins are composed of both 
hydrophobic and hydrophilic residues that have a marked effect on the microenvironment 
surrounding an amino acid. In addition, a protein in its native state is folded in a three 
dimensional conformation that allows for different environments to exist within its structure, like 
a hydrophobic interior or a hydrophobic pocket. 
 There was a clear difference in the dansyl emission wavelengths for BSA and papain. 
This difference was greater when papain and BSA were labeled at cysteine; BSA-DANS had an 
emission wavelength of 451 ± 3 nm and papain-DANS had an emission wavelength of 497 ± 3 
nm, a difference of over 50 nm. Labeling at amines also resulted in a difference in the emission 
wavelength, though it was not as great as the difference from cysteine labeling. D-papain had an 
emission wavelength of 505 ± 3 nm and D-BSA had an emission wavelength of 513 ± 2nm, a 
difference of only 8 nm. Labeling at cysteine provides more information in the study of S-
glutathiolation as it provides information about the microenvironment surrounding a RSH.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
 Two factors can account for the differences in the emission wavelengths for BSA-DANS 
and papain-DANS. First, BSA is a largely hydrophobic protein whereas papain is comparatively 
hydrophilic. The positive solvatochromism of dansyl explains the lower emission wavelength of 
BSA-DANS relative to papain-DANS. In addition, BSA, which has a pI of 5.3, is negatively 
charged at physiological pH. Papain, which has pIs of 8.75 and 9.55, is positively charged at 
physiological pH. However, without data for more proteins labeled with IDANS, it is difficult to 
determine the effect of pI and charge on the dansyl emission wavelength. 
 In addition to the observed wavelength effects, there was a difference in the emission 
intensities between BSA and papain. BSA-DANS (81-810 nM) had emission intensities in the 
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range of 100-954, whereas papain-DANS (55-220 nM) had emission intensities in the range of 
111-420.  
Effect of unfolding on BSA-DANS and papain-DANS 
 Unfolding had an effect on the emission wavelength for BSA-DANS and papain-DANS. 
Native BSA-DANS had an emission wavelength of 451 ± 3 nm whereas unfolded BSA-DANS 
had an emission wavelength of 463 ± 2 nm. The increase in wavelength for BSA-DANS is 
explained by the fact that unfolding a protein exposes buried residues to the solvent, which is 
more polar than the folded protein. However, the same effect was not observed for papain-
DANS; native papain-DANS had an emission wavelength of 497 ± 3 nm and unfolded papain-
DANS had an emission wavelength of 481 ± 3 nm.  
Oxidative labeling of proteins with D-GSH 
 There was an observable difference between the emission wavelengths for the proteins 
labeled with D-GSH. Labeled BSA had an emission wavelength of 505-507 nm, labeled papain 
had an emission wavelength of 519-523 nm, labeled CK had an emission wavelength of 507-510 
nm, and labeled GAPDH had an emission wavelength of 510-512 nm. The differences in the 
emission wavelengths were not the result of the preparation; each protein was labeled and 
precipitated in the same way, including using the same amounts of guHCl to resuspend the 
protein pellets. Thus, any observed differences in the emission wavelengths are due to the protein 
itself. These differences may be correlated to the pI of the protein; where, as the pI of the protein 
increases the emission wavelength likewise increases. BSA, which has the lowest pI of 5.3, has 
the lowest emission wavelength, whereas papain, which has pIs of 8.75 and 9.55, emits at the 
highest wavelength. This trend is continued with GAPDH and CK; GAPDH, which has a pI of 
8.5, emits at a higher wavelength than CK, which has a pI of 7.2. The difference in the emission 
 
 
49 
 
wavelengths between GAPDH and CK; however, is not as large as the difference between papain 
and BSA. We think that this is due to the fact that BSA and papain only have one cysteine, 
whereas GAPDH and CK have 4 cysteines; the emission wavelength for GAPDH and CK results 
from multiple sites of labeling, and thus multiple environments, whereas the emission 
wavelength for BSA and papain is the result from a single labeling site. Better understanding of 
the labeling procedure would help to clarify this issue. 
Conclusion and future directions 
 The goal of this project was to develop a model of protein oxidation and repair using 
fluorescence spectroscopy. The results herein represent significant progress towards this goal. 
Labeling of BSA and papain with IDANS showed a difference in the cysteine residues between 
the proteins, a fact that was confirmed when both proteins were oxidatively labeled with D-GSH 
However, these results are not widely applicable as both BSA and papain have only one cysteine 
residue. To extend this model, GAPDH and CK were oxidatively labeled with D-GSH. Labeling 
of both GAPDH and CK showed a difference in the emission wavelength between the proteins; 
however, it was not clear which cysteines were oxidized. Despite this, there was a clear 
difference between the two proteins. Both GAPDH and CK undergo S-glutathionylation [65,66], 
and oxidation of both proteins is implicated in neuronal cell death [67,68]. Thus, this model has 
the potential to greatly increase the efforts in the lab to understand of protein oxidation and repair 
and how it relates neurodegeneration. 
 While this model has shown great potential, it needs refinement. Although there was a 
difference in the emission wavelength for the GAPDH and CK, it was unknown which cysteines 
were labeled with D-GSH. In addition, it would be useful to understand the effect of the 
concentration of D-GSH on labeling. Currently, this model has been used with proteins 
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containing up to 4 cysteines. This limits the applicability of the model in studying tubulin 
oxidation and repair, as tubulin has 20 cysteines. Extending the model to proteins with more 
cysteines would help to increase the applicability to tubulin. In addition, all proteins used in the 
experiments were purified proteins obtained from commercial sources. We are currently 
developing a model of protein oxidation using Saccharomyces cerevisae (baker’s yeast) protein 
extracts. Using yeast instead of the porcine tubulin currently used in the laboratory would 
simplify characterization of tubulin oxidation; yeast has 3 tubulin gene products compared the 
multiple gene products of mammalian tubulin [69]. Overall, the work herein provides a 
promising direction for future research in the Landino laboratory.                            
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Appendix: Supplementary Figures   
 
  
Figure 15: Absorbance spectrum of 2.68 mM F1 (left) and emission spectrum of 100 nM F1 (right) in 10 mM Tris pH 8.8 
  
Figure 16: Absorbance spectrum of 0.67 mM F2 (left) and emission spectrum of 100 nM F2 (right) in 10 mM Tris pH 8.8 
  
Figure 17: Absorbance spectrum of 2.48 mM F-GSH (left) and emission spectrum of 100 nM F-GSH (right) in 10 mM 
Tris pH 8.8 
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Figure 20: Absorbance (left) and emission (right) spectra of 10 µM D1 in 10 mM PB pH 7.4 
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Figure 18: Absorbance spectrum of 0.14 mM GS-AF (left) and emission spectrum of 136 µM GS-AF (right) in 10 mM Tris pH 8.8 
 
 
 
Figure 19: Absorbance spectrum of 10 µM DG (left) and emission spectrum of 5 µM DG (right) in 10mM PB pH 7.4 
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Figure 21: Absorbance (left) and emission (right) spectra of 10 µM D2 in 10 mM PB pH 7.4 
  
Figure 22: Absorbance (left) and emission (right) spectra of 10 µM D-GSH in 10 mM PB pH 7.4 
  
Figure 23: Absorbance (left) and emission (right) spectra of 10 µM D-GSH + DTT in 10 mM PB pH 7.4	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Figure 24: Absorbance (left) and emission (right) spectra of 10 µM D-GSH + TCEP in 10 mM PB pH 7.4 
  
Figure 25: Absorbance spectrum of 5.1 mM GS-DANS (left) and emission spectrum (right) of 10 uM GS-DANS in 10 mM 
PB pH 7.4 
  
Figure 26: Absorbance spectrum of 0.47 mM dansyl acid (left) and emission spectrum of 0.12 mM dansyl acid (right) in 
10 mM PB pH 7.4 
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Figure 27: Absorbance (left) and emission (right) spectra of 10 µM D-BSA in 10 mM PB pH 7.4 
 
 
 
Figure 28: Absorbance spectrum of 0.38 mM BSA-DANS (left) and emission spectrum of 810 nM BSA-DANS (right) in 10 
mM PB pH 7.4 
 
 
 
Figure 29: Absorbance spectrum of 50 µL/mL EtOH-precipitated BSA-DANS (left) and emission spectrum of 10 µL/mL 
EtOH-precipitated BSA-DANS (right) in 10 mM PB pH 7.4 
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Figure 30: Absorbance spectrum of 50 µL/mL BSA-DANS + 6% guHCl (left) and emission spectrum of 1 µL/mL BSA-
DANS + 6% guHCl (right) in 10 mM PB pH 7.4 
  
Figure 31: Absorbance spectrum of 50 µL/mL SDS PAGE purified BSA-DANS (left) and emission spectrum of 10 µL/mL 
BSA-DANS (right) in 10 mM PB pH 7.4 
  
Figure 32: Absorbance spectrum of 50 uL/mL BSA-DANS + 0.1 % SDS (left) and emission spectrum of 2 uL/mL BSA-
DANS + 0.1% SDS (right) in 10 mM PB pH 7.4 
 
 
0 
0.02 
0.04 
0.06 
0.08 
0.1 
0.12 
0.14 
280 300 320 340 360 380 400 
A
bs
or
ba
nc
e 
Wavelength (nm) 
0 
200 
400 
600 
800 
400 415 430 445 460 475 490 505 520 535 550 
In
te
ns
ity
 
Wavelength (nm) 
0 
0.02 
0.04 
0.06 
0.08 
0.1 
280 300 320 340 360 380 400 
A
bs
or
ba
nc
e 
Wavelength (nm) 
0 
50 
100 
150 
200 
250 
325 350 375 400 425 450 475 500 
In
te
ns
ity
 
Wavelength (nm) 
0 
0.05 
0.1 
0.15 
0.2 
280 300 320 340 360 380 400 
A
bs
or
ba
nc
e 
Wavelength (nm)  
0 
100 
200 
300 
400 
500 
600 
700 
325 350 375 400 425 450 475 500 525 550 
In
te
ns
ity
 
Wavelength (nm 
 
 
62 
 
 
Figure 33: Emission spectra of EtOH-precipitated BSA-DANS (grey) and BSA-DANS + 6% guHCl (black) 
 
 
Figure 34: Emission spectra of 10 uL/mL SDS PAGE purified BSA-DANS (grey) and 2 uL/mL BSA-DANS + 0.5% SDS 
(black) 
 
Figure 35: Emission spectrum of 25 uL/mL BSA+SDS (1 mg/mL BSA + 0.5% SDS) in 10 mM PB pH 7.4 
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Figure 36: Absorbance spectra of 1% SDS from LML (black) and from CJA (grey) in 10 mM PB pH 7.4 
 
Figure 37: Emission spectra of 1% SDS from LML (black) and from CJA (grey) in 10 mM PB pH 7.4 
 
Figure 38: Emission spectra of 1% SDS from CJA (black), 90% 10 mM PB pH 7.4 (dashed), and 1% SDS from CJA 
blanked (grey) in 10 mM PB pH 7.4 
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Figure 39: Absorbance spectrum of 860 nM D-papain (left) and emission spectrum of 86 nM D-papain (right) in 10 mM 
PB pH 7.4 
  
Figure 40: Absorbance spectrum of 290 nM papain-DANS (left) and emission spectrum of 230 nM papain-DANS (right) 
in 10 mm PB pH 7.4 
 
Figure 41: Emission spectrum of 100 µL/mL EtOH-precipitated papain-DANS in 10 mM PB pH 7.4 
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